Infant macrosomia is a classic feature of a gestational diabetes mellitus (GDM) pregnancy and is associated with increased risk of adult obesity and type II diabetes mellitus, however mechanisms linking GDM and later disease remain poorly understood. The heterozygous leptin receptor-deficient (Lepr db/ϩ ) mouse develops spontaneous GDM and the fetuses display characteristics similar to infants of GDM mothers. We examined the effects of GDM on maternal insulin resistance, fetal growth, and postnatal development of hepatic insulin resistance. Fetal body weight on d 18 of gestation was 6.5% greater (p Ͻ 0.05) in pups from ad libitum-fed db/ϩ mothers compared with wild-type (WT) controls. Pair-feeding db/ϩ mothers to the intake of WT mothers normalized fetal weight despite less than normal maternal insulin sensitivity. More stringent caloric restriction reduced insulin and glucose levels below WT controls and resulted in fetal intrauterine growth restriction. The level of hepatic insulin receptor protein was decreased by 28% to 31% in both intrauterine growth restriction and fetuses from ad libitum-fed GDM mothers compared with offspring from WT mothers. In 24-wkold adult offspring from GDM mothers, body weight was similar to WT offspring, however, the females from GDM mothers were fatter and hyperinsulinemic compared with offspring from WT mothers. Insulin-stimulated phosphorylation of Akt, a key intermediate in insulin signaling, was severely decreased in the livers of adult GDM offspring. Hepatic glucose-6-phosphatase activity was also inappropriately increased in the adult offspring from GDM mothers. These results suggest that spontaneous GDM in the pregnant Lepr db/ϩ mouse is triggered by overfeeding, and this effect results in obesity and insulin resistance in the livers of the adult offspring. The specific decrease in Akt phosphorylation in livers of adult offspring suggests that this may be a mechanism for reduced insulin-dependent physiologic events, such as suppression of hepatic glucose production, a defect associated with susceptibility to type II diabetes mellitus. Abbreviations GDM, gestational diabetes mellitus IGT, impaired glucose tolerance Lepr db/؉ , leptin receptor deficient WT, wild-type IUGR, intrauterine growth retardation IR-␣, insulin receptor ␣ IRS-1, insulin receptor substrate-1 GLUT, glucose transporter PI 3-kinase, phosphotidylinositol-3-kinase Akt (c-PkB), related to A kinase, protein kinase B G-6-Pase, glucose-6-phosphatase HGP, hepatic glucose production Fetal growth and development are primarily determined by the fetal genome, however, the genetic regulation of fetal growth is influenced by different maternal factors, which can exert a stimulatory or an inhibitory effect. Epidemiologic studies have revealed strong statistical links between nutritional experiences during pregnancy and later development of diseases such as obesity and type II diabetes in adulthood (1, 2). Most convincing are the studies in Pima Indians demonstrating that, besides a genetic transmission of diabetes, the diabetic intrauterine milieu can also induce a diabetogenic tendency in the offspring. IGT and obesity are two to three times more frequent in children of mothers who had diabetes during pregnancy than in children from mothers who developed diabetes after pregnancy (3). Central to this hypothesis is the fact that programming of fetal metabolism 
Fetal growth and development are primarily determined by the fetal genome, however, the genetic regulation of fetal growth is influenced by different maternal factors, which can exert a stimulatory or an inhibitory effect. Epidemiologic studies have revealed strong statistical links between nutritional experiences during pregnancy and later development of diseases such as obesity and type II diabetes in adulthood (1, 2) . Most convincing are the studies in Pima Indians demonstrating that, besides a genetic transmission of diabetes, the diabetic intrauterine milieu can also induce a diabetogenic tendency in the offspring. IGT and obesity are two to three times more frequent in children of mothers who had diabetes during pregnancy than in children from mothers who developed diabetes after pregnancy (3) . Central to this hypothesis is the fact that programming of fetal metabolism usually occurs during a critical period in prenatal or neonatal life, and that the effects persist into adulthood.
GDM is characterized by glucose intolerance first recognized during pregnancy, and is associated with fetal macrosomia, which contributes to the increased maternal and perinatal morbidity (4, 5) . There is general agreement that diet is the first-line treatment for GDM, however caloric restriction during pregnancy remains controversial. Caloric restriction can improve glucose tolerance but may be associated with increased ketogenesis during pregnancy. Rizzo et al. (6) reported that the children's mental development index scores at 3-5 y of age were negatively correlated with maternal third-trimester plasma ␤ hydroxybutyrate and FFA levels. In addition, maternal ketonuria is associated with oligohydramnios and changes in fetal heart rate (7) .
A number of animal models have been developed to investigate mechanisms underlying dietary-environment triggers involved in GDM and obesity in offspring of diabetic mothers. Most of these models have been artificially derived by either eliminating maternal insulin production by streptozotocin injection or by giving large amounts of glucose or insulin to the mother or fetus. Fetuses of some of these models (notably the streptozotocin-treated rat with profound maternal and fetal hyperglycemia) are actually small for gestational age rather than macrosomic (8) . In addition, most women diagnosed with GDM have IGT, usually during the second and third trimester, associated with moderate to severe insulin resistance. It is therefore not clear that these models reflect the typical metabolic abnormalities that accompany human GDM. A genetic model of GDM is the heterozygous C57BL/KsJ-Lepr db/ϩ mouse that develops diabetes only during pregnancy resulting from a mutation of the gene for the leptin receptor. The homozygous db/db female mouse is infertile, but the pregnant heterozygous female db/ϩ mouse develops IGT and elevated HbA1c, and the offspring have increased insulin and are significantly heavier than offspring from C57BL/KsJ-ϩ/ϩ controls, regardless of fetal genotype (9 -11) .
Insulin resistance is caused by postreceptor defect(s) in the intracellular insulin signaling cascade, leading to IGT, and failure of insulin to suppress hepatic glucose production (12) . The initial events include insulin binding to its receptor, activation of intracellular receptor autophosphorylation and kinase activity, and the phosphorylation of IRS-1 and IRS-2. The phosphorylation of IRS results in recruitment and tyrosine phosphorylation of the p85␣ regulatory subunit of PI 3-kinase (13), thereby increasing activity of the PI 3-kinase enzyme complex (14) . Current evidence indicates that IRS-2-mediated PI 3-kinase activity is necessary for insulin suppression of hepatic glucose production and down-regulation of the mRNA coding for gluconeogenic enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (15) (16) (17) . The insulin-signaling pathways downstream from PI 3-kinase are beginning to be understood. Recently, protein kinase B (PKB or Akt) has been shown to function as an acute regulator of hepatic glucose output in response to insulin (18) . Akt is serine phosphorylated by insulin, which leads to the down-regulation of gluconeogenic gene expression (19, 20) .
Both low birth weight and fetal overgrowth are associated with insulin resistance in adulthood (21, 22) , however, the mechanisms are complex and not well understood. The purpose of this study was to evaluate the effect of GDM and caloric restriction on maternal and fetal hepatic insulin resistance, and to determine how GDM impacts adult insulin resistance. Our data suggest that GDM and fetal macrosomia in this model is triggered by over-feeding. The wild-type fetuses of GDM mothers are macrosomic and demonstrate a reduction in hepatic insulin receptor protein. The adult offspring are obese and demonstrate decreased insulin-stimulated phosphorylation at the level of Akt, which may in turn be responsible for hyperinsulinemia, increased glucose-6-phosphatase, and hepatic insulin resistance.
METHODS

Animals and experimental protocol. Male and female C57BL/KsJ
ϩ/ϩ and C57BL/KsJ db/ϩ mice were obtained from Jackson Laboratories (Bar Harbor, ME, U.S.A) at 6 wk of age. Mice were housed in groups of four in a temperature-, humidity-, and light-controlled (lights on at 0600 h, off at 1800 h) room. Mice were given ad libitum access to commercial mouse chow (8664 Harlan Teklad F6 Rodent Diet, Harlan Teklad, Madison, WI, U.S.A.) and water. The diet composition consisted of 29% protein, 47% carbohydrate, and 17% fat. The remainder contained crude fiber and a vitamin mix. At 60 -80 d of age, female mice were placed individually together with db/ϩ males and mating was confirmed by the presence of a copulatory plug the next morning, designated d 0 of gestation. In addition to ad libitum-fed db/ϩ mice, two different levels of caloric restriction were performed in pregnant db/ϩ mice. In one study, pair feeding was accomplished by measuring the food intake of the ad libitum-fed wild-type ϩ/ϩ pregnant mice every 24 h and presenting this amount of food to the pair-fed db/ϩ mice from d 0 of gestation (pair-fed intake was 87% of ad libitum db/ϩ intake). In a second group, energy intake in db/ϩ mice was reduced to 70% of ad libitum-fed db/ϩ mice (70% diet) begun on d 10 of pregnancy. Body weight and food intake of each mouse was recorded daily between 0900 h and 1000 h. For adult studies, the offspring from ϩ/ϩ mothers and ad libitum-fed db/ϩ pregnancies were genotyped and the wild-type pups allowed to reach maturity (24 wk) before study. All procedures were approved by the University of Colorado Health Sciences Center Animal Care and Use Committee.
Glucose tolerance test. Glucose tolerance tests were carried out in conscious, unrestrained mice before pregnancy and on randomly selected mice on d 17 of pregnancy. The mice were fasted for 6 h and injected intraperitoneally with glucose (2 g/kg body weight). Blood was collected from the tail using capillary tubes. Plasma glucose was measured in whole blood by colorimetric glucose oxidase assay (Sigma Chemical, St. Louis, MO, U.S.A.). Insulin was detected using commercial mouse RIA kits (Linco, St. Charles, IL, U.S.A.). Assays were conducted in duplicate and the intra-assay coefficient of variation was Ͻ5%.
Cesarean section and fetal tissue collection. On d 19 of gestation, mice were anesthetized with ketamine (100 mg/kg), acepromazine (10 mg/kg), and xylazine (100 mg/kg). The 412 abdominal cavity was opened and the fetuses removed from the uterus. The pups were weighed and the placenta, liver, and brain were obtained and frozen immediately on dry ice. Livers were weighed and maternal fat mass was determined by the combined weight of dissected fat from the mesenteric, gonadal, retroperitoneal, and dorsal fat pads. The pups were genotyped as carrying the heterozygous mutation (db/ϩ) or wild-type (WT) as described previously (23) .
Insulin challenge test in adult animals. The glucose tolerance test reflects the net result of glucose disposal into peripheral tissues as well as the ability of the pancreatic islets to secrete insulin, and the ability of insulin to inhibit hepatic glucose production. We therefore performed an insulin challenge test as a more direct test of insulin's ability to acutely stimulate glucose disposal on d 18 of gestation as described previously (23) . Mice were fasted 6 h and injected intraperitoneally with insulin (0.75 U/kg body weight Humulin R; Eli Lilly, Indianapolis, IN, U.S.A.) and blood was sampled from the tail at 15, 30, and 60 min using capillary tubes. Plasma glucose was measured as above. Later, in a series of experiments in the adult offspring, litters were culled to six per group and the fetuses allowed to reach 24 wk of age. To measure insulin signaling, an acute insulin injection protocol was used to determine maximal insulin stimulation of signaling proteins in liver in vivo, as described previously (15) . Mice were anesthetized with ketamine (100 mg/kg), acepromazine (10 mg/kg), and xylazine (100 mg/kg). The abdominal cavity was opened and the portal vein exposed. A 50-L blood sample was obtained for measurement of glucose and insulin, followed by the injection of a maximal bolus of insulin (10 U/kg body weight in 100 L saline) into the portal vein. Within 5 min, the liver was excised and frozen immediately. The samples were stored at Ϫ80°C until analysis.
Western blot analysis. Liver homogenates were prepared and protein resolved by 7% SDS-PAGE and transferred to polyvinylidene difluoride membrane using a Mini Trans-Blot Transfer cell (Bio-Rad, Hercules, CA, U.S.A.). The membranes were blocked with 5% nonfat milk in Tris-buffered saline (TBS)-T for 1 h at room temperature and probed overnight at 4°C with anti-IR␤ . The bands were quantified using a SciScan 500 (USB, Cleveland, OH, U.S.A.) with 50 g of a normal mouse skeletal muscle protein sample to control for gel-to-gel variation. Each sample was analyzed an average of three separate times involving different gels. Dual-energy x-ray. At age 24 wk, mice were subjected to dual-energy x-ray absorptiometry (DEXA) to measure body composition using a densitometer specifically designed for small animals (PIXImus2, Lunar Corp., Madison, WI, U.S.A.), as published previously (24) . Before measurements, calibration of the instrument was conducted using a quality control phantom provided by the manufacturer. Mice were weighed after a 4-h fast, anesthetized with Avertin (2,2,2-tribromoethanol, 400 mg/kg), and scanned. Mice were placed on the imaging tray in a prostrate fashion with the front and back legs extended away from the body. Because of the small imaging area (80 ϫ 65 mm), the total length of the animal often exceeded the length of the image. Therefore, the body was maintained in the image area, and much of the head was placed outside the image area. The head and upper portion of the shoulders were excluded from all analyses of body composition. All DEXA determinations and analyses were performed by one investigator (L.Q.). The coefficients of variation from a previous PIXImus model for bone mass density, fat mass, and bone-free lean mass have been reported as 0.84%, 2.20%, and 0.86%, respectively (24) . The coefficients of variation for the PIXImus model used in this study were similar (data not shown).
G-6-Pase. G-6-Pase was assayed in intact microsomes prepared from adult livers. Pieces of freeze-clamped liver were taken randomly, reduced to powder under liquid nitrogen, and rapidly homogenized by sonication in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethansulfonic acid (HEPES) and 0.25 M sucrose, pH 7.4. Microsomes were extracted by the procedures of Daniele et al. (25) . The resulting supernatant was then centrifuged for 30 min at 100,000 ϫ g at 4°C. The pelleted microsomes were re-suspended in 10 mM HEPES, 0.25 M sucrose. G-6-Pase was assessed on intact microsomes at glucose-6-phosphate concentrations of 1, 2.5, and 10 mM. Total protein was determined by the Bradford method. Integrity of the microsomal membranes was assessed using mannose-6-phosphate (1 mM) as substrate in the G-6-Pase assay, because this substrate is neither bound nor transported by the glucose-6-phosphate transporter but has equivalent reactivity with the catalytic subunit (26) . Integrity was Ͼ90% in all preparations. Nonspecific phosphatase activity was determined using paranitrophenylphosphate and this value was subtracted from that determined with glucose-6-phosphate.
Statistical analysis. Results are presented as means Ϯ SEM for the indicated number of mice. Comparisons between groups were made using one-way ANOVA and unpaired t test. Statistical significance was set at p Ͻ 0.05.
RESULTS
Changes in energy intake during pregnancy. Energy intake was not different before pregnancy in WT and db/ϩ mice. However, during pregnancy, db/ϩ mice ate significantly more (p Ͻ 0.05) by 11%, 14%, and 18% during early (d 0 -5), mid-(d 6 -11), and late (d 12-16) gestation, respectively (Table 1) .
Changes in maternal weight gain and birth weight. Maternal weight gain was 33% greater (p Ͻ 0.05) in ad libitum-fed db/ϩ mice compared with ad libitum-fed WT controls (Table 2) . Pair-feeding db/ϩ mice to WT controls reduced energy intake by 413 GDM AND ADULT INSULIN RESISTANCE 18% (p Ͻ 0.05) and normalized maternal weight gain. Reducing intake further in a second group of db/ϩ mice to 70% of ad libitum-fed db/ϩ mice decreased maternal weight gain by 63% (p Ͻ 0.05) compared with db/ϩ ad libitum fed mice, and below WT controls by 44% (p Ͻ 0.05). Fetuses were delivered by cesarean section on d 18. The number of fetuses in db/ϩ, WT, pair-fed, and 70% dams were not different. We genotyped the fetuses for the db mutation by PCR-restriction fragment length polymorphism and there were no significant differences between ϩ/ϩ and db/ϩ fetuses from the same litter in terms of birth weight, liver size, or placenta size (data not shown). We therefore grouped the data from each litter together for analysis. Consistent with GDM, the fetuses from ad libitum-fed db/ϩ mothers were significantly heavier by 6.5% (p Ͻ 0.05) compared with fetuses from WT mothers, regardless of fetal genotype. Pair-feeding db/ϩ mothers reduced fetal weight (p Ͻ 0.05) to levels similar to WT mice. Caloric restriction to 70% in the db/ϩ mothers reduced fetal weight by 10.4% below that of offspring from db/ϩ ad libitum fed mice (p Ͻ 0.05), and by 4.6% below that of offspring from WT mice (p Ͻ 0.05).
Effects of caloric restriction on maternal glucose tolerance. Figure 1 shows that in the nonpregnant state glucose levels were normal in db/ϩ mice during a glucose tolerance test, however, insulin was 91% and 163% higher at 30 and 60 min, respectively, compared with WT mice (p Ͻ 0.05). As shown in Figure 2 , pregnancy triggered profound glucose intolerance in ad libitum-fed db/ϩ mice. Glucose levels were significantly elevated throughout the glucose tolerance test compared with pregnant WT controls (p Ͻ 0.01). Fasting and post-challenge insulin levels were also increased by 30 -84% (p Ͻ 0.05) in db/ϩ compared with WT mice. Pair-feeding db/ϩ mice reduced glucose levels by 17% and by 33% (p Ͻ 0.05) at 30 min and 60 min compared with ad libitum-fed db/ϩ mice. Pairfeeding also reduced fasting and postprandial insulin levels by 56 -71% (p Ͻ 0.05) compared with db/ϩ ad libitum-fed, and by 61% (p Ͻ 0.05) compared with WT mice. Caloric restriction to 70% reduced fasting glucose by 33% (p Ͻ 0.05) compared with pair-fed mice, and by 43% (p Ͻ 0.05) compared with ad libitum-fed db/ϩ mice. Caloric restriction to 70% decreased glucose levels by 29% at 30 min (p Ͻ 0.05) 
Insulin challenge test.
As a more direct test of insulin's ability to acutely stimulate glucose disposal, we carried out an acute insulin challenge test in the mice on day 18 of pregnancy ( Fig. 3) . The db/ϩ mice showed 48 -75% higher (p Ͻ 0.05) glucose levels, indicative of insulin resistance, compared with WT mice. Pair feeding in db/ϩ mice lowered glucose levels compared with db/ϩ ad libitum-fed mice, but this was not statistically significant. The 70% diet decreased glucose levels by 47-69% below ad libitum-fed db/ϩ mice (p Ͻ 0.05) and by 62% compared with pair-fed mice at the 60-min time point (p Ͻ 0.05), without affecting fasting glucose.
Effect of GDM and caloric restriction on insulin-signaling proteins in fetal livers. There was no significant effect of GDM or caloric restriction on GLUT1, GLUT2, IRS-2, and p85␣ PI 3-kinase protein levels (not shown) in fetal livers. However, the level of insulin receptor protein was significantly lower by 31% (p Ͻ 0.05) in offspring from ad libitum-fed db/ϩ mothers (Fig. 4) . Pairfeeding db/ϩ mice restored fetal insulin receptor protein levels to WT controls. Caloric restriction in db/ϩ mothers to 70% reduced the level of insulin receptor protein in liver below the level of WT offspring by 28% (p Ͻ 0.05).
Changes in body weight, percentage fat, insulin, and glucose in WT and GDM offspring at 6 mo of age. To determine the effect of GDM on insulin resistance in later life, the offspring from WT and ad-libitum fed db/ϩ mothers were genotyped and groups of males and female wild-type were studied at 24 wk of age (Table 3 ). Total body weight was similar in offspring from db/ϩ and WT mothers, however, percentage body fat was significantly greater (p Ͻ 0.05) only in the female offspring from GDM mothers as determined by total-body DEXA analysis. Fasting insulin levels in GDM offspring were also 2-fold greater in females only (p Ͻ 0.05). The IUGR fetuses were not studied as adults.
G-6-Pase activity. To determine whether GDM affected the enzymatic capacity for hepatic glucose production, we examined the activity of G-6-Pase, the terminal enzyme of gluconeogenesis and glycogenolysis. G-6-Pase activity was significantly increased in the GDM offspring by 6-fold (p Ͻ 0.01) at 0.5 mM glucose-6-phosphate concentration and by 25% (p Ͻ 0.05) at 10 mM G-6-Pase concentration (Fig. 5) . Nonspecific phosphatase activity as determined by using paranitrophenylphosphate as a substrate was not different (data not shown).
Effects of GDM on insulin signaling in adult livers. The increased G-6-Pase activity in female offspring from GDM mothers, despite hyperinsulinemia, led us to investigate whether aspects of the insulin receptor signal cascade were altered in response to insulin in livers of GDM offspring. We measured the expression and tyrosine phosphorylation of the insulin receptor, IRS-2, p85␣ PI3-kinase subunit, and the activation of downstream serine/threonine kinases Akt-1 and p70S6 kinase in response to insulin (Fig. 6 ). There were no differences in total expression or tyrosine phosphorylation of the insulin receptor, IRS-2, and p85␣ subunit of PI-3 kinase in GDM offspring compared with WT controls (data not shown). However, the levels of insulinstimulated 473 Ser-Akt phosphorylation were 65% lower (p Ͻ 0.05) in offspring from GDM mice. The total amount of Akt was not different in the livers, suggesting this did not contribute to lower levels of phosphorylated Akt. To determine whether signals immediately downstream from Akt were reduced, Western blotting of p70 S6 kinase was performed. There was no significant difference in the amount of p70 S6 kinase, however, phosphorylation on 424 Ser-p70 S6 kinase in response to insulin was decreased by 55% (p Ͻ 0.05).
DISCUSSION
GDM is associated with extreme insulin resistance, increased adiposity, and a greater risk for producing obesity and diabetes in the offspring. Here we demonstrate that excess caloric intake during pregnancy triggers spontaneous GDM in C57BL/KsJ-Lepr db/ϩ mice. Our results show that pair-feeding the Lepr db/ϩ mothers to the energy intake in WT ϩ/ϩ mice significantly reduces maternal weight gain and prevents fetal overgrowth in this model. More stringent caloric restriction was associated with improved insulin sensitivity below WT controls, but resulted in fetal IUGR. These results imply that limiting maternal energy intake may be necessary for reducing maternal insulin resistance, but may pose an increased risk for fetal undergrowth. It is well known that limitations in substrate availability (e.g. mothers with hypoglycemia), during pregnancy are more likely to result in small for gestational age neonates (27, 28) .
Interestingly, we found significant decreases in insulin receptor protein levels in livers from both IUGR and in fetuses from ad libitum-fed GDM mothers. These results are similar to Mulay et al. (29) , who reported reduced 125 I-insulin binding to partially purified liver membranes from both IUGR and streptozotocin-induced diabetic fetuses. This is in contrast to observations made in other fetal tissues such as rabbit heart (30), lung (31), or macrophages (32) , where the insulin receptor concentration is either up-regulated or unchanged in response to high insulin. Earlier studies reported significant decreases in circulating insulin and glucagon in caloric-restricted rat fetuses, however, maternal food restriction did not affect glucagon or insulin binding to liver membranes in the fetus (33, 34) . The mechanisms underlying the similar decreases in expression of fetal insulin receptors in liver from GDM and IUGR fetuses are unknown.
To determine whether adult offspring of GDM mothers were insulin resistant, we focused on identifying postnatal changes in the liver of the adult animals from GDM mothers. At 24 wk of age, only females from ad libitum-fed GDM mothers were hyperinsulinemic and had significantly increased body fat compared with females born from WT mothers. Van Assche et al. (35, 36) found that only adult offspring of moderately diabetic mothers (using streptozotocin) had a deficient ␤-cell response to glucose stimulation, whereas adults from severely diabetic mothers were insulin resistant. When females from these two groups became pregnant, they developed GDM and their fetuses display the same biochemical phenotypes found in the All pups were genotyped at 4 wk of age and the wild-type offspring identified from each litter. Body composition was determined by whole-body dual-X-ray absorptiometry (DEXA) as outlined in the "Methods" section. Blood glucose and insulin levels were measured after a 6-h fast. Data are means Ϯ SE.
* p Ͻ 0.05.
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first generation. This transmission occurred only in females of diabetic mothers suggesting that metabolic (androgen or estrogen) differences between males and females may contribute to hyperinsulinemia and increased body fat as a result of maternal diabetes in these models. Another important finding of the present study is that the female offspring from GDM mothers had elevated hepatic G-6-Pase activity at each level of G-6-Pase level tested, despite chronic hyperinsulinemia. We did not detect fasting hyperglycemia in the adult GDM offspring, however, reduced insulin signaling and increased G-6-Pase have their greatest effects in the insulin-stimulated state (e.g. feeding), which would be manifest by reduced suppression of hepatic glucose production. In the basal state, these impairments will not result in overproduction of glucose or fasting hyperglycemia because of compensatory fasting hyperinsulinemia. In support of this concept is the finding that GDM offspring had a specific defect in insulin signaling at the level of serine/threonine kinase Akt/ PKB phosphorylation. Because activation of Akt is necessary for insulin-induced suppression of hepatic glucose output, a decrease in Akt phosphorylation, increased G-6-pase activity, and hyperinsulinemia suggest that the livers were very likely insulin resistant. Most studies suggest that insulin signaling via Akt is a critical intermediate in insulin's ability to suppress activity of the PEPCK and G-6-Pase promoters (37) (38) (39) . In mice with a gene deletion in Akt2, there is reduced insulin suppression of hepatic glucose production accompanied by hyperinsulinemia with normoglycemia (18) . Our data support the idea that the specific decrease in Akt phosphorylation in livers of adult offspring may be a mechanism for reduced insulin-dependent physiologic events, such as suppression of hepatic glucose production, a defect associated with susceptibility to type II DM.
CONCLUSION
In summary, our results suggest that there is a strong effect of maternal GDM on fetal growth and this effect reveals itself in the subsequent development of obesity and insulin resistance in the adult liver in female offspring. The insulin resistance is associated with a specific abnormality in liver Akt phosphorylation and an increase in hepatic G-6-Pase activity. The defect in Akt activation by insulin was also associated with greater percentage fat and fasting hyperinsulinemia, both hallmarks of insulin resistance. The expression and phosphorylation of the insulin receptor was unaffected in the liver of mature GDM offspring. These data suggest that the decrease in insulin receptors in the fetal liver may not participate in the defect of insulin signaling in the adult, but could play a significant role in insulin resistance during other key periods of development. Such influences could alter the normal balance of expression levels of genes that regulate substrate metabolism and energy deposition leading to increased body fat and hepatic insulin resistance in the adult offspring. Figure 5 . G-6-Pase activity in livers from WT and GDM offspring at 6 mo of age. Livers were removed and frozen at Ϫ80°C until analysis. Intact microsomes were prepared and G-6-Pase activity assayed as described in "Methods." Values are means Ϯ SE (n ϭ 4 -5 animals per group).
* Significantly different from WT offspring, p Ͻ 0.05. Figure 6 . Representative immunoblots and quantification of insulin signaling in intact livers from WT and GDM offspring at 6 mo of age. Female mice were fasted for 6 h, anesthetized, and insulin injected into the portal vein (1 mU/kg body weight) as outlined in "Methods." Livers were removed within 2 min after insulin treatment. Proteins were analyzed for tyrosine phosphorylation by immunoprecipitation with an antiphosphotyrosine antibody followed by immunoblotting for IR, IRS-2, and p85␣ subunit of PI 3-kinase. Akt and p70S6 Kinase protein levels and serine phosphorylation were determined in protein extracts using phospho-specific antibodies as described under "Methods." The results are expressed as arbitrary units relative to WT mice. Data are means Ϯ SE.
* p Ͻ 0.05 between WT and GDM offspring, n ϭ 4 -6 samples per group. Open bars are results from WT mothers, solid bars depict the response in GDM offspring.
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